In this article, we analyze the citations to articles published in 11 biological and medical journals 
Introduction
The chief motivation of scientists is the recognition from one's peers (Hagstrom, 1965; Meadows, 1974) . While it seems curious that the institution of science could depend on such intangible rewards, peer recognition can be converted into tangible outcomes like promotion, tenure, grants, awards, and membership in powerful gatekeeping positions such as grant committees and editorships (Cole & Cole, 1973; Merton, 1988; Zuckerman & Merton, 1971) . The chief metric of peer-recognition is the citation -a measurement of the dissemination and utility of one's work as it becomes incorporated into the scientific literature (Crane, 1972; Garfield, 1955) . It seems natural that authors would be interested in maximizing citations to their articles.
Prior research has indicated that articles freely available on the Internet (referred to as open access) are cited more than subscription-based articles. There has been some dispute over whether open access is the cause of the citation advantage or whether more citable articles are more frequently made freely available. See Craig et al. for a critical review of the literature (Craig, Plume, McVeigh, Pringle, & Amin, 2007) . Several studies have been unable to confirm that open access is the cause of the citation advantage and have posited other explanations, such as the fact that authors selectively choose which articles to promote freely, or because highly cited authors disproportionately choose open access venues (Davis & Fromerth, 2007; Kurtz et al., 2005; Kurtz & Henneken, 2007; Moed, 2007) .
In the first controlled trial of open access publishing where articles were randomly assigned to either open access or subscription-access status, we recently reported that no citation advantage could be attributed to access status (Davis, Lewenstein, Simon, Booth, & Connolly, 2008) . In fact, open access articles were cited less frequently (although not significantly) than subscription-access articles. This is a preprint of an article accepted for publication in Journal of the American Society for Information Science and Technology 60(1):3-8, 2009 (American Society for Information Science and Technology)
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Open access can take various forms. In the case of disciplines with a history of preprint dissemination, it is common for authors to deposit copies of manuscripts and working papers into subject based repositories such as the arXiv (arxiv.org). Some universities, most notably Harvard University, now mandate their Faculty of Arts and Sciences to deposit final manuscripts in their institution's digital repository (Guterman, 2008 
Methods

The dataset
The dataset included 11 scientific journals, 9 of which cover the biomedical sciences, 2 cover the plant sciences, and 1 is a multi-disciplinary sciences journal (Table 1) . These journals were selected because they have been operating author-choice open access publishing programs for several years and have attracted sufficient numbers of paying authors to enable statistically meaningful analyses. The uptake of the open access author-choice programs for these journals ranged from 5% to 22% over the dates analyzed. All of the journals under study employed a delayed free access program, meaning that all articles roll into free access after an initial period during which only subscribers are granted online access. Only original articles and reviews are included in the analysis. Letters, editorials, corrections, news and other non-article material were excluded. Article metadata and citations were provided by the Web of Science produced by the Institute for Scientific Information (ISI). Cumulative article citations were retrieved on June 1, 2008 . The age of the articles ranged from 18 to 57 months.
Statistical Analysis
We constructed a linear regression model for each journal using the number of total citations for each article as the dependent variable. Because citation distributions are known to be heavily skewed (Seglen, 1992) and because some of the articles were not yet cited in our dataset, we followed the common practice of adding one citation to every article and then taking the natural log. the number of references, the length of the article in pages, whether the article was a review, and whether the corresponding author was located in the United States. Continuous variables (authors, references and pages) were also log-transformed. For those journals that include journal sections, we included this information in the full model in addition to whether the article was featured on the front cover.
Because we may lack the statistical power to detect small significant differences for individual journals, we also analyze our data on an aggregate level. The first model includes all 11 journals, and the second omits the Proceedings of the National Academy of Sciences (PNAS), considering that it contributed nearly one-third (32%) of all articles in our dataset.
It should be noted that while we are able to control for variables that are well-known to predict future citations, we cannot control for the quality of an article. The very act of spending a fee to make one's article freely available from a publisher's website may indicate that there is something qualitatively different about these open access articles that may not make them similar in every respect to subscription-based articles.
Results
The difference in citations between open access and subscription-based articles is small and non-significant for the majority of the journals under investigation (Table 2 Table S2 ) until 2007 where we estimate only an 11% citation advantage.
Considering that authors are required to pay the publisher for the ability to make their article freely available upon publication, we calculated the estimated cost per citation from our model (Table   3) . To do this, we multiply the open access citation advantage for each journal (a multiplicative effect) by the impact factor of the journal to estimate the citation gain within the first two years after publication. This citation gain is then divided by the open access fees levied by the publisher for this service. We report that the cost per citation can range among journals, from as low as about $400 per citation for PNAS to as high as almost $9,000 per citation for Development. It should be noted that we use the average open access effect over all years in our dataset. Considering that there is strong evidence of a decline of the citation advantage over time, the cost per citation for articles published in
Discussion
This article illustrates that the open access citation advantage, widely promoted in the literature, is considerably overstated for the biological and biomedical literature; and secondly, that some of the citation advantage can be explained by variables other than access. Lastly, there is strong evidence to suggest that the citation advantage is declining moderately over the last few years.
A single journal study of a 6-month cohort of articles published in the journal PNAS reported unadjusted differences in mean citations between author-choice and subscription-access articles to range between 29% and 42% (Eysenbach, 2006) . Because the author focused his analysis on the odds of being cited (using logistic regression) rather than on citation frequency (linear regression), our results are not directly comparable. It should be noted that Eysenbach found large and significant differences in the odds of being cited very shortly after publication (Odds Ratio: 1.7 after 0-6 months; 2.1 after 4-10 months; 2.9 after 10-16 months).
The fact that we were able to explain some of the citation advantage by controlling for differences in article characteristics (e.g. open access articles tended to be longer and have more authors, Supplementary Table S1), strengthens the evidence that self-selection -not access -is the explanation for the citation advantage. In other words, more citable articles have a higher probability of being made freely accessible (Davis & Fromerth, 2007; Kurtz et al., 2005; Kurtz & Henneken, 2007; Moed, 2007; Wren, 2005) .
A strong citation bias in favor of open access articles, expressed by some as a statement of absolute certainty, for example (Harnad, 2006) , implies that the subscription model of publishing creates a dearth of access to scientific results. If access to a scientific paper is a precondition for that article being cited, our results imply that the access barrier created by the subscription model is both This is a preprint of an article accepted for publication in Journal of the American Society for Information Science and Technology 60(1): [3] [4] [5] [6] [7] [8] 2009 (American Society for Information Science and Technology) 9 small and diminishing for the biological and medical literature. We believe that the most plausible explanations for our results are: 1) the increasing ease of redistributing digital information, and 2) that earlier studies may be showing an early-adopter effect.
Informal sharing of articles
We should not assume that readers go directly to the publisher website for all of their literature needs, but acknowledge the large degree of article sharing that takes place among informal networks of authors, libraries and readers. Authors use many different modes of disseminating their research, which may include personal and laboratory web pages, institutional and subject-based digital repositories, listserves, blogs, etc (Davis & Connolly, 2007) . The journal website is but one means of access to research articles. Terms such as "open" and "shut" to describe access models do not acknowledge alternative ways of gaining access to the literature and appear to be based more on rhetoric than empirical evidence (Davis, in review) .
Early-adopter effect
Previous studies investigating the effect of access on citations may have documented an earlyadopter effect. For every new technology, there is a diffusion of innovation that spreads temporally through a community (Rogers, 2003; Ryan & Gross, 1943) . Early investigations on the adoption of the arXiv by authors in the physics community show similar adoption curves, and illustrate that those authors who deposited their manuscripts in the arXiv tended to be more highly-cited than those who did not (Kurtz et al., 2005; Kurtz & Henneken, 2007; Moed, 2007) . As the behavior of submitting manuscript to the arXiv becomes a norm for the author community, we would expect that any relative citation advantage that was enjoyed by early adopters would disappear over time (Ginsparg, 2007) .
Cost/benefit of author-choice open access publishing
Considering the evidence that author-choice open access publishing may have little if any effect on article citations, it is worthwhile for authors to consider the cost of this form of publishing. If a citation advantage is the key motivation of authors to pay open access fees, then the cost/benefit of this decision can be quite expensive for some journals. Free dissemination of the scientific literature may speed up the transfer of knowledge to industry, enable scientists in poor and developing countries to access more information, and empower the general public. There are clearly many benefits to making one's research findings freely available to the general public -a citation advantage may not be one of them.
Limitations of research
Observational Studies versus Randomized Controlled Trials
The limitation of all observational studies is that they may be unable to adequately control for exogenous factors that could explain the observed results. While we attempt to control for observable differences between open access and subscription access articles, this method is unlikely to adequately deal with article characteristics that are unobservable to the researcher such as novelty and expected scientific impact --factors which may have led some authors to pay the open access article charges.
independently of other confounding effects (Davis et al., 2008) . As a result, the differences we report in our study (and similarly the results of Eysenbach, 2006) have more likely explained the effect of selfselection (or self-promotion) than of open access per se.
Retrospective analysis
Secondly, our analysis is based on cumulative citations to articles taken at one point in time.
Had we tracked the performance of our articles over time -a prospective approach -we would have stronger evidence to bolster our claim that the citation advantage is in decline. Still, we feel that cumulative citation data provides us with an adequate basis for inference. Since all of the journals under investigation make their articles freely available after an initial period of time (for example, 12 months after publication, Table 1 ), any benefit that open access could contribute would be during these initial months in which there exists an access differential between open access and subscription-access articles. We would expect therefore that the effect of open access would therefore be strongest in the earlier years of the life of the article and decline over time. In other words, we would expect our trend (Figure 1 ) to operate in the reverse direction. Given the caveats that (a) initial access conditions may set up an early citation advantage that is amplified into the future, and (b) the fact that citation effects may experience a lag time of a year or more, we are at a loss to come up with alternative explanations to explain the monotonic decline in the citation advantage. 
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